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Abstract. The day-to-day measurements of the daytime in-
tensities of hydroxyl (OH) Meinel (8–3) band airglow emis-
sions at 731.6 and 740.2nm carried out from the equatorial
station Thiruvananthapuram (8.5◦N, 76.5◦E, 0.5◦dip) during
the period of January-March 2001 have been investigated.
This investigation provides evidence for the presence of a
long period (≈16 days) wave modulating these intensities at
the mesopause altitudes. Simultaneous radar measurements
of zonal wind at ∼87km, i.e. mesopause from Tirunelveli
(8.7◦N, 77.8◦E, 0.33◦dip), a location nearby, also reveal the
presence of these long period oscillations. The daytime air-
glow and zonal wind undergo changes simultaneously. Sim-
ilar modulations are seen in the solar 10.7cm ﬂux also pre-
ceding dayglow and wind variabilities by 4–5 days. It is in-
ferred in the present case that the changes in the solar ﬂux
are the cause of the generation of this long period wave in
the atmosphere below the mesosphere. The oscillations in
the measured dayglow intensities in the mesopause region
and the winds at ∼87km are resulting from the modulation
caused by this wave in this region after a delay of 4–5 days.
Key words. Meteorology and atmospheric dynamics (waves
and tides)
1 Introduction
The understanding of the aeronomy at and around the
mesopause altitudes has signiﬁcantly improved in the last
decade. The relative inaccessibility of the upper meso-
sphere/lower thermosphere regions (∼80–100km) to the tra-
ditional probing techniques has been overcome due to a re-
markable improvement in the ground-based techniques, such
as the optical photometry and spectrometry of various air-
glow emissions originating in this region. Selected emis-
sion lines of hydroxyl (OH) and Oxygen (O2) molecules are
commonly used for inferring the physical processes. These
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emission intensities have been used to indirectly estimate the
ambient temperature of the altitude regions from where the
airglow emanates, for example, around ∼87km in the case
of OH (Krassovsky, 1972). Studies concerning these emis-
sions have brought forth some new ﬁndings not only regard-
ing the upper- mesosphere, lower-thermosphere chemistry,
but also on the propagation characteristics of internal grav-
ity waves and planetary waves (Taylor et al., 1991; Sivjee,
1992). Analyses of long time series of measurements on OH
airglow intensity and estimated mesopause temperature at
various locations on the globe, particularly during nighttime,
have revealed the presence of the planetary wave induced
long period oscillations therein; Takahashi et al. (2002) and
references therein.
Over the equatorial latitudes, these oscillations of periods
between ∼2 to 16 days become quite important, as these are
believed to be of global scale and are generally ascribed to
planetary waves that exhibit unique propagation characteris-
tics in the mesosphere, the lower-thermosphere and the iono-
sphere (MLTI) (Salby, 1984; Forbes, 1995). Extra long peri-
ods, i.e. 20–40day oscillations in the mesospheric and lower
thermospheric winds, have also been reported recently (Luo
et al., 2000, 2001 and the references therein). However, the
propagation characteristics of these planetary waves above
∼80km are not yet well understood. It is known that the
energetics and the dynamical state prevailing in the regions
through which they propagate would signiﬁcantly modify the
characteristics of these waves and vice versa. When the var-
ious aspects concerning these long and extra long period os-
cillations in mesospheric parameters, such as wind, are be-
ing studied, it is becoming increasingly clear that contrary
to the general belief (Ebel et al., 1986), some of these os-
cillations are a result of the direct solar effect and need not
always be due to the presence of planetary waves. In fact, it
has been suggested that the solar activity can modulate the
existing planetary waves or even trigger wave-like circula-
tion perturbations, through changing radiation ﬂuxes in the
middle atmosphere (Luo et al., 2001).3300 R. Sridharan et al.: Evidence for direct solar control
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Fig. 1. Top two panels show the day-to-day variation of the mean
F10.7cm solar ﬂux and the zonal wind velocity with its linear-ﬁt
trend, respectively. Bottom two panels show the day-to-day varia-
tion of the mean OH (8–3) dayglow emission intensities at 740.2nm
and 731.6nm, including their best-ﬁt curves.
However, this case study conducted using simultaneous
measurements of daytime airglow intensity and the zonal
wind at mesopause levels over the equator in India reveals
that the presence of a planetary wave (∼16 day oscillation),
owing its existence to solar radiation effects in the atmo-
sphere below the mesopause.
2 Experimental details
The daytime airglow intensity measurements were made us-
ing Multi Wavelength Dayglow PhotoMeter (MWDPM) on
two rotational lines at 731.6 and 740.2nm in the OH Meinel
(8–3) band at Thiruvananthapuram (8.5◦N, 76.5◦E, 0.5◦dip)
during January-March 2001 for a period of 47 days. These
daytime measurements were made between 08:00 to 18:00h
for zenith sky at every 20s interval. Continuous data were
available from 35th to 75th day of the year.
The details of this photometer have been described ear-
lier (Sridharan et al., 1999 and references therein). In the
past, the daytime OH emission intensity measurements at the
wavelengths mentioned above have been successfully used
to infer the daytime mesopause temperature. The estimated
mesopause temperature using dayglow emission intensities
measured by this MWDPM has been validated by compar-
ing with the in situ WINDII satellite measured temperature
over a particular longitude in Indian region (Sridharan et al.,
1999). This validation was done for two days of measure-
ments at 07:00 and 06:30h, respectively, and could not be
extended to other times during the day because of the paucity
of simultaneous satellite measurements.
The mesospheric wind measurements were made from an-
other nearby equatorial location, Tirunelveli (8.7◦N, 77.8◦E,
0.33◦dip), for the same period, by the MF radar operating in
the spaced antenna mode. The details of this radar system
have been described earlier (Vincent and Lesicar, 1991). The
mean solar F10.7cm indices used in this study were obtained
from the World Geophysical Data Center, USA.
3 Observations
The variations of the mean daytime airglow emission in-
tensity at the two wavelengths are depicted in Figs. 1 (a,
b) as a function of day number. The error bars denote the
1σ(standard deviation) variation of the dayglow intensity, on
a particular day. A gradual increase is conspicuously seen
in the mean dayglow intensity, especially after the 40th day,
which is further modulated by a periodic change of an ∼12–
16 day period. Dayglow intensity at both the wavelengths,
i.e. 731.6 and 740.2nm, experience an increase in ∼45% and
33%, respectively, between the 35th and 75th day. Moreover,
the variabilities at the two OH dayglow emissions seem to be
opposite in phase, except after the 65th day when they appear
to be in phase.
The variation of the daily mean 10.7cm solar ﬂux dur-
ing this period is depicted as a function of day number in
Fig. 1d. It must be noted that during the period January to
March, the solar ﬂux variation exhibits two distinct features;
one, a steadily decreasing trend and the other, a modulation
with a period of ∼16 days, other than the ∼27-day solar ro-
tation period. In order to facilitate an easy comparison with
other measured parameters, the solar ﬂux indices are plotted
(Fig. 1d) only between the 35th to 75th day of the year. The
mean solar ﬂux decreased by ∼9% between the 35th to 75th
day. The periodic change in the ﬂux is clearly discernable
after the 35th day.
Figure 1c depicts the hourly mean variation of the zonal
wind at ∼87 km, as measured using the MF radar at
Tirunelveli, for the same period. A clear wave-like pertur-
bation is seen in the wind, with the periodicity being ∼15–
20 days. Similar to the dayglow intensity variations beyond
the 65th day, the amplitude of the oscillations in the wind
decreases signiﬁcantly beyond the 60th day.
It is interesting to note that the periodic changes in the
airglow intensity at both the wavelengths follow the varia-
tions in the solar ﬂux with a time delay of 4–5 days (cross-
correlation coefﬁcient 0.56±0.35 for 95% conﬁdence). The
MEM (maximum entropy method) analysis of the dayglow
intensities at the two wavelengths and solar ﬂux variability
between the 35th and the 75th day reveals that the dominant
periodicity with signiﬁcant power spectral density is around
the ∼16th day or more (Figs. 2 d,c,b). Figure 2a exhibits
the power spectral density corresponding to dominant peri-
odicities present in the measured zonal wind. Along with the
presence of long period (∼12–17 days) waves, the semidi-R. Sridharan et al.: Evidence for direct solar control 3301
urnal component in the wind seems to be more prominent
than the diurnal mode (inset ﬁgure). For clarity, the power
spectral density corresponding to periodicities, present in the
wind, up to three days is displayed in the inset ﬁgure.
Overall, the three independent parameters, i.e. daytime
Hydroxyl airglow intensity, zonal wind at ∼87km and the
solar F10.7cm ﬂux, all having important implications in the
dynamics and energetic of the MLTI region, exhibit simi-
lar variability seemingly under the inﬂuence of a dynami-
cal forcing present in this region. These observations are
discussed in the following section, with the perspectives of
MLTI energetics and dynamics.
4 Discussion
One of the factors that could bring in variations in the ‘OH’
dayglow intensities is the change in the altitude of the OH
emission layer. It has been shown, though the seasonal os-
cillations and wave inﬂuences do vary the altitude of the
OH emission layer, that the extent of variation in the peak
emission height never exceeds ∼4km (Zhang and Shepherd,
1999 and references therein). Further, the width of the emis-
sion peak is estimated to be around ∼8–10km, which is
much larger than the extent of peak emission height varia-
tion. Therefore, the small height variation of the OH emis-
sion layer does not affect the dayglow intensities. Neverthe-
less, the variabilities induced due to the emission layer move-
ment will exhibit similar trends at both the OH wavelengths.
Inthiscontext, theperiodicvariationsoppositeinphase, as
seen in the OH intensity at the two wavelengths in the present
study, are due to the relative changes in the population of the
excited OH* which could only be due to the ongoing changes
in the energetics. Recent photochemical–dynamical models
for the OH Meinel airglow suggest that these alterations in
the energetics are brought about by the advection of excited
hydroxyl population by gravity waves, collisional quench-
ing of OH* and a secondary reaction involving perhydroxyl
radical (HO2) and O during daytime (Le-Texier et al., 1989;
Vierek and Deehr, 1989; Taylor et al., 1991; Makhlouf et
al., 1995). All these factors will result in affecting the vibra-
tional yield of OH. For example, for a given energy if more
OH* levels become populated at lower wavelengths, for ex-
ample, 731.6nm, there would be a decrease in the energy
available to be shared within remaining OH* levels, for ex-
ample, at 740.2nm within the same vibration-rotation band.
This would manifest itself as opposite changes in the emis-
sion intensity of the dayglow at these two wavelengths, as
seen in the present case.
Therefore, at the outset, the modulations in airglow inten-
sities at 731.6 and 740.2nm in the OH (8–3). Meinel band,
as seen in the present case, appear to be a consequence of
the changes in the energetics over long (days and above) time
scales. The zonal wind variations at ∼87km over Tirunelveli
for the same period are studied in order to further probe this
proposition.
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Fig. 2. Top two panels (c) and (d) show the power spectral density
distribution of dominant periodicities in the dayglow emission in-
tensity at 740.2nm and 731.6nm, respectively. Panels (a) and (b)
exhibit the same for F10.7cm solar ﬂux and zonal wind. Inset ﬁg-
ure in panel (a) exhibits the power spectral density distribution of
periodicities below 3 days in the zonal wind, to highlight that the
semidiurnal mode is more dominant than the diurnal mode.
The zonal wind, as mentioned earlier, exhibits a predomi-
nantly westward phase modulated by a period of about ∼16
days (Fig. 1c). The westward zonal wind, as seen here, is
the consequence of the MSAO. Over Indian longitudes, var-
ious studies in the recent past have revealed the presence
of a strong mesospheric semiannual oscillation (MSAO) in
both zonal and meridional wind components (Rajaram and
Gurubaran, 1998 the references therein). Gurubaran and
Rajaram (2001) showed, while discussing the climatology
of winds over Tirunelveli, that the zonal wind at around
mesopause during the equinoctial months is westward and
a result of the modulations caused by the mesospheric semi-
annual oscillation (MSAO). However, for the periodic phases
of accelerations and decelerations of the westward wind, as3302 R. Sridharan et al.: Evidence for direct solar control
seen in the present case (Fig. 1c), a forcing other than MSAO
should be responsible. It may be noted that the wind turns al-
mosteastwardarounddaynumber45and55, whichindicates
that the momentum due to this additional forcing should be
essentially eastward. In the past, phases of intense west-
ward accelerations in mesospheric zonal winds have been
seen and explained as resulting from the interaction of di-
urnal tide with background mean wind (Gurubaran and Ra-
jaram, 2001 and the references therein). As mentioned ear-
lier, the weak diurnal component in comparison to the semid-
iurnal component in the wind indicates that this interaction
is active in this case as well. The power spectral density for
the semidiurnal component is almost double that for the di-
urnal component (inset ﬁgure). Further, the wind modula-
tions involving time scales of ∼15–20 days suggest the pres-
ence of a planetary wave with eastward momentum in the
∼87km altitude region during this period. Though the exis-
tence of such a wave can be unambiguously established only
on the basis of multiple point measurements, the possibility
of the wave being originated in the lower atmosphere cannot
be negated. A planetary wave originating in the stratosphere
and having phase speeds larger than the mean eastward wind
speed in this region would show similar characteristics, as it
would propagate up without undergoing critical level absorp-
tion. The observed eastward momentum of the wave at the
mesopause altitudes clearly indicates towards it. It is sup-
ported by the fact that the stratopause Semi Annual Oscilla-
tion (SSAO) is always out of phase with the MSAO (Garcia
et al., 1997), with SSAO being eastward in this case. The ex-
act cause for the time delay of 4–5 days, as seen here, would
then correspond to the time taken by the wave to reach the
mesopause altitude from the source region. Though the ob-
served time delay could not be established on a more quanti-
tative manner in the present study, it agrees with the observa-
tions made by others (e.g. William and Avery, 1992; Jacobi
et al. 1998; Beard et al. 2001 and the references therein).
In view of the above, both periodic and linear variations
seen in the dayglow intensities seem to be a direct manifesta-
tion of the changes in the mesopause energetics through dy-
namics. Since the mean ﬂow environment at the mesopause
is westward, the ∼16-day wave discussed above will be
blocked from propagating further upwards, thereby modify-
ing the mean ﬂow itself at this height region and also the en-
ergetics therein. The near simultaneous changes in the day-
glow intensities along with the wind indicate towards this
sort of an interaction. The fact that the extent of variabil-
ity in the measured intensities signiﬁcantly reduces after the
∼60th day completely in accordance with the smaller vari-
abilities in the zonal wind, reiterates this inference. How-
ever, the dayglow variabilities at both the wavelengths do not
seem to corroborate well with the simultaneous wind varia-
tions prior to the 40th day. In the absence of the extended
database prior to this day, it is difﬁcult to ascertain the exact
cause of these rather fast airglow variabilities.
Further, as mentioned earlier, the solar ﬂux variations also
exhibit similar changes that seem to be agreeing with the
above mentioned wind phases (cross-correlation coefﬁcient
0.62±0.25 for 95% conﬁdence for a time delay of 4–5 days)
and the dayglow intensities (Figs. 1c and 1d). This positive
correlationandtheinvolvedtimedelayofafewdaysbetween
the changes in the wind and the solar ﬂux strongly indicates
that the variation in the incoming solar radiation and its ab-
sorption in the lower atmosphere, perhaps below stratopause,
is indirectly contributing to the seeding of these waves.
It has been found that the frequency and amplitudes of
these long period waves are strongest in winter and its pres-
ence has been detected in OH temperatures (Espy et al.,
1997) and winds (William and Avery, 1992) in the summer
mesosphere as well. This has also been theoretically simu-
lated (Forbes et al., 1995). In addition, there have been in-
stances where the observed effects in the upper mesosphere-
lower ionosphere region have been associated with these
planetary waves having their origin in the lower atmosphere.
For instance, studies of the long-term trends in planetary
waveactivity(∼15dayperiod), intheionosphericabsorption
data clearly reveal these waves as traveling upwards from the
lower atmosphere (Lastovicka, 1993 and references therein).
High latitude studies of the enhanced ionospheric absorption
in the lower atmosphere during winter also indicate upward
traveling long period waves causing the observed effects af-
ter a time lag of 4–5 days after their generation in the lower
stratosphere. In another study investigating the attenuation of
equatorial waves, Reddy and Leksmi (1989) show that higher
order Kelvin modes of long period can reach the mesosphere
with signiﬁcant amplitudes. Similarly, the presence of these
long period waves having their origin in the lower atmo-
sphere have been seen in the low-latitude radio-meteor zone
(Pogoreltsev and Sukhanova, 1993).
5 Conclusions
Signiﬁcant long period oscillations (∼16 day) in the OH day-
glow intensity and the zonal wind have been observed with
a time delay of 4–5 days, following similar variations in the
solar ﬂux, as seen in the 10.7cm solar ﬂux index. The ob-
servedphasesofwestwarddecelerationofzonalwindandthe
∼16-day period involved, indicate this to be a planetary wave
having eastward momentum. This wave seems to have origi-
nated in the lower atmosphere, i.e. stratosphere/troposphere,
as a consequence of the changes in the solar ﬂux and propa-
gated upwards as the phase of SSAO for this period is east-
ward. The ∼16-day oscillations seen in the variation of the
mean daytime OH airglow emission intensity at two wave-
lengths are a manifestation of ongoing changes in the ener-
getics. There is no direct contribution of the solar ﬂux to the
observed dayglow variabilities. Nonetheless, for a compre-
hensive understanding of the climatology of the mesopause
dynamics, contribution due to direct forcings, for example,
solar-induced and in situ chemistry, and indirect forcing due
to short and long period waves originated in the lower at-
mosphere, are to be properly accounted for in order to fully
understand the complex variabilities of the MLTI region.R. Sridharan et al.: Evidence for direct solar control 3303
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